The application of imaging techniques based on ensembles of nitrogen-vacancy (NV) sensors in diamond to characterise electrical devices has been proposed, but the compatibility of NV sensing with operational gated devices remains largely unexplored. Here we fabricate graphene field-effect transistors (GFETs) directly on the diamond surface and characterise them via NV microscopy. The current density within the gated graphene is reconstructed from NV magnetometry under both mostly p-and n-type doping, but the exact doping level is found to be affected by the measurements. Additionally, we observe a surprisingly large modulation of the electric field at the diamond surface under an applied gate potential, seen in NV photoluminescence and NV electrometry measurements, suggesting a complex electrostatic response of the oxide-graphene-diamond structure. Possible solutions to mitigate these effects are discussed.
I. INTRODUCTION
Sensing techniques using nitrogen-vacancy (NV) centres in diamond [1] provide a convenient platform by which condensed matter systems can be interrogated [2] . The local sensitivity of NV centres to both magnetic and electric fields, in concert with their flexible experimental conditions [3] , permit both sensing and imaging of a range of nano-to meso-scale phenomena. An application of these techniques is the characterisation of electrical devices and related materials. Magnetic noise spectroscopy has been used to probe and map the local conductivity of thin metallic films [4, 5] , lending insight to the motion of carriers within the material, and also to identify noise sources from sparse metallic depositions [6] . In low dimensional systems, magnetic noise spectroscopy should provide insight into local electronic correlations [7, 8] , whereas static magnetic field mapping has been used to map charge transport in carbon nano-tubes using scanning single-NV centres [9] , and monolayer graphene ribbons via wide-field imaging experiments [10] . Extensions to the latter scenario should be able to measure signatures of viscous electron flow in graphene and similar systems [11] [12] [13] , and other mesoscopic effects such as electron-hole puddling [14] , and gate controlled steering of carriers [15] .
Wide-field imaging of electrical devices using NV ensembles generally requires the devices to be fabricated directly on the NV-diamond substrate, while many interesting transport phenomena require precise control over the doping in the conductive channel. This can be achieved in a field-effect transistor (FET) device, employing either a top gate [13, 16, 17] , an in-plane gate * dontschuk.n@unimelb.edu.au † jtetienne@unimelb.edu.au [18, 19] , or an electrolytic gate [20] . Recently, graphene based devices have been fabricated successfully on NV diamond substrates [10, 13, 17] , but the compatibility of such structures with wide-field NV microscopy remains largely unexplored, with questions of whether the operating conditions required for NV microscopy may affect the operation and integrity of the FET, or whether the fabrication/operation of the FET may affect the ability to perform NV sensing.
In this work, we fabricate a number of top-gated graphene field-effect transistors (GFETs) on an NVdiamond substrate, and characterise device phenomena via wide-field imaging of the near-surface NV ensemble. Current is injected into the graphene ribbons, I SD , by application of a source-drain potential, V SD , and the doping of the ribbon is tunable via a top gate potential, V G , allowing charge transport to be probed in different doping regimes, and for the effect of the gate to be studied [ Fig.  1(a) ]. Firstly, the devices are characterised by electrical measurements and the influence of the laser, used to excite the NV-layer, is assessed. Secondly, the current density within the graphene ribbon is reconstructed under pand n-type doping by measuring the associated Ørsted field via optical readout of the NV electron-spin resonances. Thirdly, an effect is observed by which the NVlayer photoluminescence (PL) is modulated by the applied gate potential in regions proximal to the gated device, but extending up to 20 µm away from the graphene ribbon. Direct measurement of the electric field by the NV ensemble electron-spin resonances demonstrate that this effect is due to an enhanced electric field surrounding the graphene ribbon which diminishes the NV − /NV 0 charge state ratio. Finally, we discuss possible solutions to overcome the challenges identified in this study, to facilitate further investigation of transport phenomena in graphene and other two-dimensional materials.
"# (µA) Imaging GFETs with NV-diamond: (a) Topgated graphene field-effect transistor (GFET) fabricated on an NV-diamond substrate. Current is injected into the graphene ribbon, ISD, by application of a source-drain potential, VSD, while the graphene is doped electrically by application of a top gate potential, VG, which is referenced to the drain. An ensemble of NV centres is formed 10 − 20 nm below the diamond surface, and exist along all four possible crystallographic orientations, represented by the four possible vacancy positions (V1,2,3,4) relative to a given N. Readout of the NV-layer is achieved optically, using a 532 nm laser for excitation (green) and the NV photoluminescence (red) is collected on an sCMOS camera. (b) Photograph of a series of devices fabricated on an NV-diamond substrate. The scale bar is 500 µm. (c) Photoluminescence (PL) image of a single GFET. The coordinate system is defined and the scale bar is 20 µm. (d) ISD versus VG curves of a single device measured in the dark after being left to equilibrate at VG = 0 V, 6 V, and 10 V for the purple, green, and orange curves respectively, under CW laser illumination, which shifts the conductivity minimum via a photo-doping effect (appendix C).
II. FABRICATION
Graphene field-effect transistors (GFETs) were fabricated on NV-diamond substrates by using a standard wet chemical method [21] to transfer monolayer graphene to the substrate from commercially available CVD polycrystalline graphene on Cu foil. The transferred graphene was selectively etched into 20 µm or 50 µm wide ribbons in an oxygen plasma with a photolithographic resist mask. Multiple photolithography steps were used to create the Cr/Au 5/70 nm source and drain contacts, wire bonding pads and the top gate contact [ Fig. 1(b) ]. Atomic layer deposition (ALD) with modified precursor pulses was used to grow an 80 nm Al 2 O 3 dielectric layer directly on the graphene ribbons without the use of a nucleation layer [22] (appendix B). The diamond substrates used in these experiments feature an NV-layer formed by ion implantation 10 − 20 nm below the surface (appendix A).
III. GATING EFFECT AND LASER
After fabrication, the devices were imaged via the NVlayer PL, using a 532 nm continuous wave (CW) laser to excite the NV ensemble, and collecting the PL on an sCMOS camera, filtered around the NV − phonon side band at 690 nm [ Fig. 1(c) ]. Direct visualisation of the graphene is made possible by a Förster resonant energy transfer (FRET) interaction between the graphene ribbon and the near-surface NV-layer, which quenches the PL [23] . The top gate appears brighter due to enhanced illumination at the NV-layer under the gate, due to a standing wave formed with the reflected light [24] .
Electrical characterisation of the devices found sourcedrain resistances varying between 7 kΩ and 12 kΩ for the 50 µm wide devices (100 µm between source to drain contacts), and between 16 kΩ and 91 kΩ for the 20 µm wide devices (400 µm between source to drain contacts), and good Ohmic behaviour (appendix C). Applying a small source drain potential, V SD = 100 mV, and measuring the source-drain current, I SD , while sweeping the gate potential, V G , a conductivity minimum was found for most devices (appendix C). The conductivity minima, which indicate the charge neutrality point, were found to shift significantly depending on the measurement conditions and the history of the device, specifically, the applied gate potential and illumination conditions prior to the measurement [ Fig. 1(d) ]. We attribute this to a photon assisted charge transfer between the graphene and the oxide (appendix C), similar to the optical-doping seen with other gate dielectrics and substrates [25] [26] [27] . In addition to the photo-doping effect, we observe hysteresis in our I SD versus V G measurements, even when measuring in the dark (appendix C). The hysteresis is likely due to screening of the electric field associated with the gate potential by an accumulation of trapped charge at both the graphene-oxide interface and within the oxide bulk. This has been demonstrated to cause similar hysteresis in graphene devices on SiO 2 [28, 29] , and may also be associated with the defect density within the graphene itself [30] . The presence of the laser is likely to exacerbate this situation by creating additional trapped mobile charges within the oxide [31] . The photo-doping induced by the laser is reproducible and sufficiently stable under fixed illumination and gate potentials to maintain the selected majority carrier type (appendix C) over time frames compatible with current density mapping. 
IV. TRANSPORT MAPPING UNDER DOPING
Previously, NV ensemble measurements have been used to reconstruct current densities within graphene ribbons from the associated Ørsted field as measured by optically detected magnetic resonance (ODMR) [10] . Here we apply the same methodology, with the aim of producing current density maps in both the p-type and the ntype doped regimes. The ODMR measurement was performed with a background magnetic field oriented such that the two electron-spin resonance (ESR) transitions of each of the four NV orientations are individually resolvable [ Fig. 2(a) ]. Each transition frequency is identified by a reduction in PL as the NV spin-state is driven from the pumped bright state, |0 , to the less fluorescent states, |±1 . The magnetic field vector at each pixel is determined by fitting the ESR frequencies, which are shifted by the graphene Ørsted field via the Zeeman effect, and determining the corresponding field projection along each of the four NV-family axes. Subtracting the background field due to the biasing permanent magnet, the measured Ørsted field is extracted, from which the current density within the graphene ribbon is reconstructed by inverting the Biot-Savart law in Fourier space (appendix D). We note that in these devices, unlike in Ref. [24] , no apparent current leakage into the diamond was observed (appendix D).
Prior to mapping current densities, the device was characterised electrically to identify n-and p-type doping regimes under the conditions used for current den-sity mapping, which require a comparatively high sourcedrain potential. I SD was measured over a V G range of −16 V to 4 V, with V SD = 100 mV [ Fig Prior to each V G sweep, the device resistance was left to equilibrate at the initial gate potential under laser illumination, such that the sweep is representative of the device after photo-doping and inter-facial charge accumulation. For the decreasing gate potential sweeps (solid curves), conductivity minima are observed at V G = −9 V for the smaller V SD , and V G = −5 V for the larger V SD , which also shows a different shape in the transport curve. This is likely due to V G being referenced to the drain contact, and V G being of comparable magnitude to V SD in this scenario. For the increasing V G sweeps (dashed curves), we observe conductivity minima at V G ≈ 4 V and V G > 4 V for the lower and higher V SD scenarios respectively, where the end of range is set to mitigate leakage current through the oxide. Accounting for the gate potential dependent photo-doping, we conclude that fixed gate potentials of V G = 4 V and V G = −16 V give n-and p-type doping of the graphene ribbon respectively, which should be maintained under subsequent laser pulsing (appendix C), and hence move to acquire current density maps under each of these conditions.
A PL image of the mapped device shows the 50 µm wide graphene ribbon with a number of tears across the gated region, which arise during transfer and fabrication where the current density is increased under the gated area as carriers are restricted to narrow passages due to the tears in the graphene. Taking a subtraction of the norm current density at each pixel between the two doping conditions shows clear differences in the current path [ Fig. 2(e) ]. Some of these variations are associated with degradation of the graphene channel throughout the measurement at V G = −16 V, however, some are uncorrelated with changes to the graphene visible at our imaging resolution (appendix D). Degradation of the devices throughout measurement precludes further investigation into the origin of these differences, however, in principle such effects could arise from inhomogeneous doping of the graphene channel, gate controlled steering of carriers [15] , gate induced changes to the density of charged impurities and defects that have an asymmetric scattering cross section for electrons and holes [32] [33] [34] [35] [36] .
V. PL SWITCHING EFFECT
While varying the gate potential in the previous measurement, we observed that the total PL of the NV ensemble varied significantly with the applied gate potential. To investigate this effect, a measurement was performed in which the PL was accumulated under CW laser illumination as the gate potential was varied. A settling time was introduced between setting the gate potential and starting the PL accumulation, which itself was integrated over a number of camera cycles to average out fluctuations in the illuminating laser intensity. A small source-drain potential, V SD = 100 mV, was applied to track the device conductivity throughout the measurement. This measurement was made on the same device in which current densities were mapped. The gate potential is swept across from 4 V to −16 V and back, encompassing the neutrality point of the device, which is seen at approximately −12 V [ Fig. 3(a) ]. The device resistance is left to equilibrate at V G = 4 V under laser illumination prior to sweeping. Comparing snapshots of the accumulated PL images at the extrema of the gate potential sweep [ Fig. 3(b) ] demonstrates a clear quenching of the PL near the graphene ribbon under the gate at the lower gate potential. Looking at area normalised PL curves around the device, we see that the PL is constant above V G = −8 V, then declines by up to 25 % in regions close to, but not directly beneath the graphene [ Fig.3(c) ]. To map the extent of this effect, we take a normalised difference between the PL averaged across a 2 V window at either end of the sweep, PL − and PL + in Fig. 3(c) , and plot this difference across the full field of view [ Fig.  3(d) ]. The normalised PL difference images shows the PL switching effect occurs only under the top gate, in regions un-screened by the graphene. Surprisingly this effect extends laterally from the graphene ribbon by up to 20 µm [ Fig. 3(e) ]. We note that the magnitude of this PL change increases throughout the lifetime of the device (appendix C).
A likely explanation for this gate potential dependent PL, is that varying the gate potential affects the charge distribution at the diamond-oxide interface, and hence the degree of band bending across the NV-layer [37] . This effect has been investigated previously by varying the surface chemistry of the diamond [38, 39] and by electrostatic gating of NV centres [19, 40, 41] . Here, we suggest that an increasing gate potential populates an acceptor layer at the diamond surface [42] , given the low carrier density within the implanted region, and hence increases the band bending across the NV-layer. As the band bending increases, the Fermi level falls below the NV − charge state at greater depths within the diamond. Once this occurs around the mean depth of the NV ensemble, the PL of the layer is reduced significantly as NV 0 becomes the dominant charge state. The comparative abundance of charge carriers in the graphene is expected to screen this effect, and hence we only observe the PL switching close to the gated device, but not directly under the graphene ribbon. We note that the charge state stability and dynamics under illumination and in the dark may also be altered by the gate potential through the local charge environment within the diamond [43, 44] .
VI. ELECTRIC FIELD MEASUREMENTS
In order to test the outlined hypothesis, a direct measurement of the electric field was made. The electric field across the NV-layer can be measured in a direct and quantitative manner via the Stark effect on the NV spin-states [1] . To do this, we performed an ODMR measurement, as for the previous Ørsted field measurements, but with the biasing magnetic field oriented such that the magnetic field projection along a single NV-family is minimised, enhancing its electric-field sensitivity [37, 45] , but still allowing each spin-state transition of that family to be resolved [ Fig. 4(a) ]. The optical contrast of these transitions was selectively enhanced by rotating the linear polarisation of the excitation laser to further improve sensitivity [46] . The electric field was mapped across a single GFET device [ Fig. 4(b) ] for applied gate potentials of V G = 0 V, and V G = −12 V [Fig. 4(c) ]. In both measurements, the electric field is approximately 40 kV/cm less in the NVlayer under the graphene ribbon than that directly under the oxide. This may be partially due to the graphene modifying surface space-charge distribution at the diamond surface, and hence decreasing the band bending, however, it is more likely to be fully explained by FRET effect with the graphene quenching PL from NV centres closer to the surface, biasing the PL collection to deeper NVs which see a lower electric field. At V G = −12 V, the electric field increases at the edges and within tears in the graphene ribbon under the top gate. These features are highlighted in taking a subtraction of the two maps [ Fig. 4(d) ], which shows an enhanced electric field up to 60 kV/cm in these regions, and essentially no change under the graphene ribbon.
Comparing the electric field map to the difference in normalised PL of the same device [ Fig. 4(e) ], we see a strong correlation in the location of features showing an enhanced electric field and reduced PL at high gate potential. The correspondence between the directly measured electric field and the gate potential dependent PL validates the claim that PL dependence on gate potential arises from electric field mediated band bending within the diamond [37] . The spatial distribution of this effect, namely that it extends up to 20 µm from the gated device, is less trivial. A finite element method simulation of the purely dielectric response of the system indicates that the electric field from the gate should be less than 10 kV/cm within the NV-layer for distances larger than 5 µm from the graphene edge, and thus cannot account for the observations (appendix E). For this reason, we suggest that the measured electric field originates from trapped charge at the diamond-oxide interface that accumulates above a threshold gate potential. Although the exact mechanism is unclear, this accumulation may result from charge diffusion (appendix C) either through the oxide or the diamond itself, mediated by photo-excitation of the laser [47] .
VII. OUTLOOK
This work highlights the invasiveness of NV microscopy in the case of GFETs fabricated directly on an NVdiamond substrate. Namely, we found that control over the average doping in the graphene layer is strongly affected by a gate potential dependent photo-doping effect, while degradation in the device from measuring at high gate potentials over time scales required for NV imaging limits the ability to probe a single device in numerous scenarios. Additionally, we see evidence of a complex electrostatic response at the oxide-graphene and diamondoxide interfaces that is not limited to ALD Al 2 O 3 dielectric [25] [26] [27] , which raises the possibility of uncontrolled spatially-dependent doping variations. For future applications of NV microscopy where a precise, reliable control over the doping is required, these effects must be mitigated. One possible solution is to decouple the GFET from the diamond by capping the diamond with a metaloxide bilayer before fabricating the GFET. The extra metallic layer would prevent laser radiation from reaching the GFET [48] , drastically reduce any charge transfer effect at the diamond surface by providing an electron reservoir, and could even serve as a bottom gate for the GFET. A downside of this solution is that the graphene layer can no longer be visualised optically through the FRET effect. Further enhancements can made by encapsulating the graphene ribbon in hexagonal boron nitride (h-BN), which allows the h-BN to be used as a gate dielectric, and is known to improve graphene quality [13, 17] .
A remaining issue arises from the large source-drain currents typically required for NV magnetometry. This requirement could be relaxed by improving the sensitivity of the NV sensing layer. In the present work, we aimed for a mean graphene-NV distance of only 10 − 20 nm in order to preserve a sizable FRET effect facilitating imaging, but this requirement has a direct impact on sensitivity by limiting the maximum number of NV centres without compromising the NV spin coherence [49] . However, in principle thicker NV layers (e.g. 200 nm) can be employed without deteriorating the spatial resolution which would remain limited by diffraction (≈ 300nm) [50] . For instance, the optimised NV-layer in Ref. [51] would provide a 10-fold improvement in magnetic sensitivity. With a further increase in collected PL signal due to the extra metallic layer, NV measurements with source-drain currents in the µA range can be envisaged. Implementing these solutions may allow for minimallyinvasive wide-field NV microscopy of GFETs and other electrical devices based on two-dimensional materials.
We thank Daniel J. McCloskey and Alastair Stacey for useful discussions. of Cr/Au (10/70 nm). The graphene was also patterned with photolithgraphy, using SU8 (negative tone photoresist) on a protective PMMA layer to create a removable hard mask for etching in an oxygen plasma asher (750 W, 10 sccm O 2 in Ar).
Appendix C: Electrical characterisation and photo-doping
The GFETs were characterised electrically throughout their lifetime to track their resistance and doping. I SD versus V SD curves were measured for all devices prior to imaging, showing reasonable Ohmic behavior of the graphene ribbons [ Fig. 5(a) ]. Linear fits of the I SD versus V SD curves give resistances of 6.38 kΩ, 13.21 kΩ, 6.49 kΩ for devices 1, 2, and 3 respectively on diamond #200. We note that device resistances typically increased throughout measurement, particularly after measuring at high source drain currents (> 500 µA) and high gate potentials (|V G | > 8 V), which was observed to cause tearing in the ribbon (appendix D). Conductivity minima were also found for these devices prior to imaging, by measuring I SD as a function of V G for a small source-drain potential, V SD = 100 mV, under CW laser illumination [ Fig. 5(b) ]. Devices 1, 2, and 3 on diamond #200 show conductivity minima at V G ≈ −11 V.
Throughout the course of imaging a device, I SD versus V G curves were measured regularly under CW laser illumination to track changes in the effective doping of the device under the relevant imaging conditions. We observe that sustained imaging of the devices, which requires a prolonged exposure to some combination of laser, gate potential, and source drain current, resulted in shifts of the conductivity minima, in addition to an enhanced hysteresis in the I SD versus V G curves measured under laser illumination [ Fig. 6(a) ]. In conjunction with this effect, we observe an enhanced quenching of the NV PL at low gate potentials over the same time frame [ Fig.  6(b) ]. The difference in normalised PL maps shown are produced in the same fashion as those presented in Fig.  3 in the main text, and demonstrate an increase in the magnitude of the PL change, and its lateral extent, after prolonged imaging. Importantly, we note that the onset of this effect is occurs consistently at a threshold gate potential of −8 V.
An explanation for these changes to the effective device doping and enhanced hysteresis is that there is a photon assisted charge transfer between the graphene and oxide, similar to the optical-doping seen with other gate dielectrics and substrates [25] [26] [27] , which has some dependence on the applied gate potential at the time of illumination. To test this, a single device was exposed to CW laser illumination under a fixed gate potential (V PD G ) and left to equilibrate over a 6 min time period, while a small source-drain potential, V SD = 100 mV, was applied to measure the current through the device. The laser was then turned off, and then the gate potential swept between −10 and +10 V, while measuring the source-drain current to identify the conductivity minimum (V min G ). The measurement was repeated for each photo-doping gate potential to measure the transport curve by sweeping the gate potential in the opposite direction, which was seen to systematically shift the location of the minima. We attribute this to the presence of stray light incident on the sample unpinning the photo-doping during the sweep, and additional trapped charge at the interfaces. The sample was photo-doped at V PD G = 0 V between each measurement, such that subsequent photodoping proceeded from similar initial conditions.
The conductivity minima were extracted from transport measurements for V > 10 V, a regime we are unable to measure due to large leakage currents through the gate oxide. We note that this threshold closely corresponds to the onset of the PL switching effect, and hence suggest that both phenomena may be due an accumulation of holes within the oxide and at the diamondoxide and graphene-oxide interfaces. The full transport curves measured with increasing gate potential sweeps following different photo-doping gate potentials highlight this effect [ Fig. 7(b) ], where the conductivity minima are beyond the range of the sweep for photo-doping V
The time scales over which the photo-doping of the graphene channel occurred were measured by tracking the source-drain current within the 6 min window during which the CW laser was switched on or off, and the gate potential set [ Fig. 7(c) ]. The time evolution of I SD at V G = 0 V (green curve) demonstrates the necessity of the laser in the photo-doping effect, which initiates a decrease in conductivity of the device over minute long time-scales from some initially pinned value. The gate potential dependence is evident in the time-trace when the gate potential is set from V G = 0 V to 10 V (purple curve) and −10 V (orange curve) under CW laser illumination, after having equilibrated under laser illumination at V PD G = 0 V. As the gate potential is changed there is a large change in conductivity, as the system jumps to a doping level dictated by the I SD versus V G curve photo-doped at V PD G = 0 V, and then a slower evolution of the conductivity, which in each case corresponds to a shifting of the conductivity minimum to higher gate potentials and hence reducing (increasing) the I SD in the V G = 10 V (−10 V) case. The time evolution of I SD is best fit by a bi-exponential with a fast and slow component acting on time scales of 10s and 100s respectively, the exact values of which are sensitive to the initial conditions of the photo-doping. We also observe a jump in the conductivity of the device when the laser is turned off 
V "# = 100 mV V "# = 100 mV V "# = 100 mV after the device has equilibrated under CW illumination (seen at 280 s, orange curve), suggesting a gate dielectric dynamic faster than our time-resolution (0.08 s), however, the system equilibrates to a similar doping level as reached under illumination. For this reason, we conclude that the doping achieved by a set gate potential under CW laser illumination is maintained when the illumination is then pulsed as required for NV measurements such as ODMR. Time-traces of the device source-drain current throughout ODMR measurements endorse this.
Appendix D: Current density reconstruction
The current density maps presented in the main text were produced using a method established in previous work [10, 24] , which proceeds in the following manner. The ODMR spectrum at each pixel was fit with an eight Lorentzian sum, and the frequencies extracted. The magnetic field projection along the four NV-family orientations was calculated from the Zeeman splitting of each frequency pair from the zero field resonance at 2870 MHz. The field was then converted to Cartesian coordinates using the three most split NV-families, having previously determined their orientation relative to the diamond surface by measuring a field of known orientation [52, 53] .
To reconstruct the current density from the measured magnetic field, we invert the Biot-Savart law in Fourier space [54, 55] . Here, we take only the B z component of the measured magnetic field and linearly extrapolate the remnant field in the y-direction in order to minimise truncation artefacts in the Fourier transform [24] . The Fourier space current densities in the x-and y-directions are calculated trivially from the transformed B z , and their inverse Fourier transform gives us the real space densities [24] .
Previous work has highlighted an apparent delocalisation of current from metallic systems on the diamond surface to the diamond itself, as measured by this same technique [24] . Here, we note that all current densities plotted in this work represents the total reconstructed current density (above and below the NV-layer), but most of the current was found to lie above the measuring NV-layer. This scenario was consistent as the gate potential was varied.
Each current density map produced arose from two separate ODMR measurements of the device at the given gate potential; one with and the other without the injected source-drain current. This was done to control for any magnet or electric field features not associated with the carrier transport in the GFET. The subtraction of the background measurement from the signal was performed prior to converting the NV-family field projections to Cartesian coordinates.
The current density maps produced by this method showed differing density distributions at each doping condition [ Fig. 2] . A simple explanation for these differences is that they are due to degradation of the graphene throughout the measurement, which was often observed following sustained high source-drain currents (> 500 µA) and at high gate potentials (|V G | > 8 V). To determine whether the observed differences arise from significant tearing of the graphene or not, we compare PL images of the device taken under the same conditions prior to mapping at V G = +4 V, and after mapping at Fig. 8(a) ]. A subtraction of these two PL images highlights two regions (marked 1 and 2) in the gated section of the graphene ribbon where the graphene is no longer visible via FRET interaction with the NVlayer in the later measurement [ Fig. 8(b) ]. PL imag- ing between the two current measurements indicate that these changes occurred during the V G = −16 V measurement. The fringes visible across the device in the subtraction are due to a slight shift in the optics between measurements.
Comparing the PL subtraction to the current density subtraction [ Fig. 8(c)] shows that there is a deviation in current path close to one of the tears (1). Interestingly, the region showing the most distinct change in current path (marked 3) shows very little PL change, indicating that it is not associated with a degradation of the graphene visible at our imaging resolution. Further investigation into the cause of this current deviation is made difficult by the gradual deterioration of the device throughout measurement, which precludes repeat measurements, and motivates a new generation of devices which better isolate the graphene from the diamond substrate and oxide-interface.
Appendix E: Electric field simulations
To determine the spatial distribution of the electric field from the top gate, such that it can be compared to that measured by the NV-layer, a finite element method (FEM) simulation was performed using COMSOL. The device geometry was replicated, where a 50 µm wide metallic top gate was separated from a graphene ribbon by 80 nm of Al 2 O 3 , all hosted on top of a 50 µm thick diamond substrate. The electric field distribution was calculated in a shell surrounding the device, using a high density mesh in the region of interest between the metallic planes and beneath the graphene plane, across the region containing the NV-layer.
The simulated electric field shows a high field strength between the parallel plate capacitor (−2 MV/cm in the centre of oxide), which is screened from the diamond by the graphene plate [ Fig. 9(a) ]. Appreciable field strengths exist in the diamond only at the edge of the graphene ribbon under the top gate, where the magnitude reaches −0.9 MV/cm in the z-direction, but reverses in sign within a 300 nm length scale across the graphene ribbon edge [ Fig. 9(b) ]. The component perpendicular to the graphene ribbon reaches −1.2 MV/cm at the edge, but is laterally confined to 200 nm. Given the optical resolution limited imaging via the NV-layer PL, we do not expect to be able to resolve these features, and hence conclude that the NV-layer measurements should not be sensitive to electric field from the gate directly. Therefore, we propose that the enhanced electric field we measured, which correlates strongly with the gate potential dependent PL effect, must result from a change in the surface charge distribution at the diamond-oxide interface.
